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Matter effect arises from a difference in 
interaction amplitudes between different 

species of neutrinos.





Matter effect with 2-neutrinos
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“The” ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active flavors (no steriles): e, µ, τ

• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|νe, νµ, ντ〉Tflavor = Uαi |ν1, ν2, ν3〉Tmass

Uαi =
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Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ 0νββ decay

500km/GeV 15km/MeV
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Mixing Matrix:
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|Uαj|2
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Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
atm| ≈ 30 ∗ |δm2

sol|
√

δm2
atm = 0.05 eV <

∑
mνi < 0.5 eV = 10−6 ∗me

∑
mνi =

f1 ∼ cos2 θ" ≈ 68%

f2 ∼ sin2 θ" ≈ 32%

– Typeset by FoilTEX – 1

δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
atm| ≈ 30 ∗ |δm2

sol|
√

δm2
atm = 0.05 eV <

∑
mνi < 0.5 eV = 10−6 ∗me

sin2 θ12 ∼ 1/3

sin2 θ23 ∼ 1/2

sin2 θ13 < 3%

0 ≤ δ < 2π

– Typeset by FoilTEX – 1

δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
sol|/|δm2

atm| ≈ 0.03
√

δm2
atm = 0.05 eV <

∑
mνi < 0.5 eV = 10−6 ∗me

sin2 θ12 ∼ 1/3

sin2 θ23 ∼ 1/2

sin2 θ13 < 3%

0 ≤ δ < 2π

– Typeset by FoilTEX – 1

δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
sol|/|δm2

atm| ≈ 0.03
√

δm2
atm = 0.05 eV <

∑
mνi < 0.5 eV = 10−6 ∗me

sin2 θ12 ∼ 1/3

sin2 θ23 ∼ 1/2

sin2 θ13 < 3%

0 ≤ δ < 2π

– Typeset by FoilTEX – 1



REFERENCES 9

parameter best fit 2σ 3σ

∆m2
21 [10−5eV2] 7.65+0.23

−0.20 7.25–8.11 7.05–8.34

|∆m2
31| [10−3eV2] 2.40+0.12

−0.11 2.18–2.64 2.07–2.75

sin2 θ12 0.304+0.022
−0.016 0.27–0.35 0.25–0.37

sin2 θ23 0.50+0.07
−0.06 0.39–0.63 0.36–0.67

sin2 θ13 0.01+0.016
−0.011 ≤ 0.040 ≤ 0.056

Table 1. Best-fit values with 1σ errors, and 2σ and 3σ intervals (1 d.o.f.) for
the three–flavour neutrino oscillation parameters from global data including solar,
atmospheric, reactor (KamLAND and CHOOZ) and accelerator (K2K and MINOS)
experiments.
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One Global Fit:
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Chooz
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Schwetz, Tortola, Valle



CPV term
approximate
dependence
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CP asymmetry 
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1 kT
D2O

Heavy Water

Located in a deep mine ~ 6000 mwe
because solar nu < 14 MeV









The full anti-neutrino energy spectrum

Data taken between March 9, 2002 and May12, 2007, the 2.44x1032 proton-year exposure was 
used. This is the KamLAND only result (using !

13
= 0 and taking into account reactor flux time 

variation). Scaled reactor spectrum (no oscillations included) was excluded at the 5.1σ level.

The best fit values:
∆m

21
2   = 7.58 × 10-5(eV2)

tan2θ
12

 = 0.56

Plot shows the Prompt 
event energy (e+ kinetic
energy + 2m

e
) which

can be converted to
E

ν
 ≈ E

prompt
+ 0.8MeV



KamLAND + Solar oscillation analysis

LMA 0

KamLAND onlySolar

LMA II 

KamLAND  improved result for mixing
angle and ∆m2. Solar data have no effect
on the ∆m2 measurement. 

KamLAND only:

!m2=7.58+0.14(st)±0.15(syst)×10-5 (eV2)

tan2" =  0.56+0.10(st)+0.1(syst)

KamLAND+solar:

m! 2=  7.59±0.21×10-5(eV2)

tan2" =  0.47+0.06

-0.07 -0.06

Combined analysis

-0.13

-0.05

Only the LMA I solution remains



SuperKamiokaNDE





Atm. neutrinos 2:1 mu:e type

Gauss: Flux inside spherical shell isotropic
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First  LBL exp.  with 
positive result



(Fermilab) Main Injector Neutrino Oscillation 
(MINOS) about to start running.





Minos 
detector: 

Iron/
scintillator 

5kT



Minos 
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scintillator 

5kT
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CC Energy Spectrum Fit
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Best Fit:
|!m2| = 2.43x10-3 eV2

sin2(2") =1.00

•Fit the energy distribution

to the oscillation

hypothesis:

•Including the three largest

sources of systematic

uncertainty as nuisance

parameters

– Absolute hadronic

energy scale:  10.3%

– Normalization:  4%

– NC contamination: 50%

3.6 10²⁰  Protons on target
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Allowed Regions

|!m2| = (2.43±0.13) x 10-3 eV2

 (68% C.L.)

sin2(2") > 0.90  (90% C.L.)

#2/ndof = 90/97

Fit is constrained to the
physical region.

Unconstrained:

  |!m|2 = 2.33 x 10-3 eV2

   sin2(2")=1.07

  !#2=-0.6

Accepted by PRL:

arXiv:hep-ex/0806.2237

Most precise measurement of|!m|2 performed to date!



“The” ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active flavors (no steriles): e, µ, τ
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Mixing Matrix:

What about θ₁₃ and δ ? 



CHOOZ



At !m2
31

 = 2.5x10-3 eV2,

  sin22"
13 

< 0.15

Current direct search limits

Allowed
region

Global fit

also
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Future !
13

 Limits

• Expect 12 signal and
42 bg events at the
CHOOZ limit for the
current exposure

• Data-driven
systematics are
hoped to drop to 5%

in future years

• Inverted hierarchy
shown only for
lowest exposure for
simplicity

• MINOS can improve
the CHOOZ limit on
!

13 
by a factor of 2!



Next generation reactor
Double Chooz, Daya Bay

RENO



Long Baseline Physics





• Initial hints in Cl experiments set 
the scale, but knowledge of the 
source was suspect.

• Intolerance of large mixing !

• Hints from early atmospheric 
oscillations were considered 
artifacts because the effect was 
too large. 

• Cosmological arguments for 
larger masses. 

• Failure to grasp the scale of the 
detector needed for the job. 

Why did it take this long ?



FNAL to DUSEL long baseline experiment

36

300 kT water 
Cherenkov 

Beam requirement:  >1 MW, 1000 to 2000 km



Water Cherenkov Detector  at 
Homestake

1 module fid:
100 kT

53M I.D.

85M I.D.

300 kT



Water Cherenkov Detector  at 
Homestake

1 module fid:
100 kT

53M I.D.

85M I.D.

300 kT



Science to be addressed
with next detectors and the beam
• Neutrino Oscillations. 

★ What is the size of last mixing angle,         ?

★What is the ordering of Neutrino masses?

★Do Neutrinos violate the CP symmetry?

★What is the relationship of leptons and quarks ?

θ13

Detector needs to be similar size for both this 
physics and physics of nucleon decay. Can we do 

this important physics also ?



Conclusions

• Neutrino oscillation story is an extraordinary journey 
over 4 decades. 

• Culminating in precise measurements of fundamental 
parameters and new puzzles with profound implications.  

• The next steps have clear goals and the scale of the effort 
needed (well controlled systematics, large event rates, low 
backgrounds) is well understood. 

• All good things take time. 
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